Locating the freeze-out curve in heavy-ion collisions by Bluhm, Marcus et al.
Locating the freeze-out curve in heavy-ion collisions
Marcus Bluhm,1, 2 Marlene Nahrgang,1, 2 and Jan M. Pawlowski2, 3
1SUBATECH UMR 6457 (IMT Atlantique, Universite´ de Nantes,
IN2P3/CNRS), 4 rue Alfred Kastler, 44307 Nantes, France
2ExtreMe Matter Institute EMMI, GSI, Planckstr. 1, 64291 Darmstadt, Germany
3Institut fu¨r Theoretische Physik, Universita¨t Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany
Based on transport equations we argue that the chiral dynamics in heavy-ion collisions at high
collision energies effectively decouples from the thermal physics of the fireball. With full decoupling
at LHC energies the chiral condensate relaxes to its vacuum expectation value on a much shorter
time scale than the typical evolution time of the fluid dynamical fields and their fluctuations. In
particular, the net-baryon density remains coupled to the bulk evolution at all collision energies. As
the mass scales of the hadrons are controlled by the chiral condensate, it is reasonable to employ
vacuum masses in the statistical description of the hadron production at the chemical freeze-out
for high collision energies. We predict that at lower collision energies the coupling of the chiral
condensate to the thermal medium gradually increases with consequences for the related hadronic
masses. A new estimate for the location of the freeze-out curve takes these effects into account.
PACS numbers: 11.30.Rd, 12.38.Mh, 24.10.Pa, 25.75.-q, 25.75.Nq
I. INTRODUCTION
Strongly interacting matter undergoes a phase tran-
sition or crossover from weakly interacting quarks and
gluons at large temperatures T and net-baryon densities
n to weakly interacting hadrons at low T and n. The
transition took place, for example, in the limit n ' 0
shortly after the big bang. This highly interesting physics
of matter under extreme conditions can also be explored
experimentally in high-energy nuclear collisions [1]. It in-
cludes the phenomena of chiral symmetry breaking, con-
finement, as well as thermalisation and chemical freeze-
out through the crossover with the associated change of
the dynamical degrees of freedom.
First-principle studies of QCD thermodynamics, both
on the lattice and with functional methods, show a chiral
crossover for physical quark masses at vanishing or small
densities. At vanishing baryon chemical potential µB , or
net-baryon density n, one obtains a pseudocritical tem-
perature Tc ≈ 156 MeV. For baryon chemical potentials
µB/T . 3 the µB-dependence of the chiral crossover tem-
perature is well approximated by a quadratic function in
µB with a small negative curvature. For more details
see e.g. [2–9], for recent overviews see [10–12]. In the
same region of small µB a critical end point (CEP) is
excluded. At larger densities, the QCD phase structure
is uncharted and is subject of current research. While
lattice QCD techniques are obstructed by the sign prob-
lem, functional approaches do not suffer from conceptual
problems and give access to this regime. However, for
quantitative predictions about the existence and location
of a CEP and/or inhomogeneous and mixed phases, the
computations still need to be improved significantly.
Experimentally, the final hadronic particle multiplici-
ties and their event-by-event distributions are accessible.
These can remarkably well be described within statisti-
cal hadronization model (SHM) approaches, cf. e.g. [13]
and references therein, in which the particle production is
assumed to follow thermal distributions. Phenomenolog-
ically, the particle composition of the hadronic medium
is frozen at chemical freeze-out, an instance during the
evolution of a heavy-ion collision when particle number
changing processes cease to be effective. For collision en-
ergies
√
sNN ranging from the HADES experiment at GSI
to the LHC experiments at CERN the freeze-out temper-
ature Tfo and chemical potential µB,fo are obtained from
thermal fits to the measured particle yields and their ra-
tios [14–25]. At low n, the freeze-out conditions are in-
trinsically linked to the phase transition [26]. The par-
ticle distributions require information on the individual
hadronic species, in particular their masses. The ther-
mal fits work well using vacuum properties of hadrons
as input, see e.g. [13, 26–31]. It is a longstanding ques-
tion, how this can be reconciled with the equilibrium in-
medium properties of QCD: at freeze-out temperatures
and densities the chiral condensate, e.g. [2–7], and more
importantly the hadron properties, e.g. [32–36], are not
close to their vacuum values. This is, in particular, true
for small net-baryon densities as reached at the LHC.
In the present work we argue that at high collision en-
ergies (small net-baryon density) and large system size,
the chiral condensate decouples from the thermal dis-
tributions of the underlying medium and relaxes ex-
ponentially fast to its vacuum expectation value. Go-
ing to lower collision energies (larger net-baryon den-
sity) and/or smaller system size, the coupling to the
medium is increasing and, consequently, the dynamics of
the chiral condensate follows that of the medium. This
scenario explains the currently observed increase of the
empirically determined freeze-out temperature at STAR√
sNN = 200 GeV compared to the value at LHC ener-
gies [13] as an indication for the increasing importance of
thermal effects for the dynamics of the chiral condensate.
Based on the natural assumption that the freeze-out tem-
perature decreases with the density, we arrive at a novel
estimate for the freeze-out curve in heavy-ion collisions.
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2II. CHIRAL DYNAMICS
In a heavy-ion collision the system crosses the chiral
and confinement-deconfinement phase boundary leading
to the formation of hadrons. Dynamical chiral symmetry
breaking leads to the build-up of the hadron masses, in
particular that of the proton. The dynamical build-up
of the mass can be monitored by the chiral condensate∫
V
qq¯. It is related to the expectation value of the scalar
resonance σ(T, µB), for more details in a QCD approach
see [3].
If the chiral dynamics is fully coupled to the thermal
medium, the hadron masses depend on T and µB . This
implies that for fully coupled chiral dynamics the in-
medium hadron masses can be significantly smaller than
the vacuum masses. In particular this is true for small or
vanishing density (LHC energies). Here, the freeze-out
temperature is approximately the chiral crossover tem-
perature, Tfo ≈ 156 MeV, see [26]. Based on [3] we find
σ(Tfo, 0) ≈ 1/2 σ¯0 with the vacuum value σ¯0 = σ(0, 0)
and, hence, significantly reduced hadron masses. We note
that qualitatively similar conclusions can be drawn from
recent lattice QCD studies [32–36] which indicate a sig-
nificant temperature dependence of some hadron masses
at µB = 0. In particular negative parity states show a
strong mass reduction near Tc.
In conclusion, chiral dynamics with full coupling to
the fireball is in contradiction with a SHM approach us-
ing vacuum masses. However, in recent works on the
chiral dynamics near the phase transition [37, 38] it was
shown that in a more realistic scenario σ (and other or-
der parameter fields such as the conserved net-baryon
density [39, 40]) can deviate significantly from their in-
medium equilibrium values.
In the present work we are most interested in the
stage of the collision which hosts the process of dynam-
ical chiral symmetry breaking and the chemical freeze-
out. While the system is not necessarily in equilibrium
at chemical freeze-out, this regime is well described by
transport approaches. Hence the equations of motion for
the field φ = (σ, n) can be obtained in the fluid dynami-
cal limit as [41–43],
∂tσ = Dσσ
δF
δσ
+Dnσ∇2 δF
δn
+ ξσ ,
∂tn = Dnn∇2 δF
δn
+Dnσ∇2 δF
δσ
+ ξn , (1)
where ξσ and ξn are white noise fields and F is the free
energy functional. The noise field correlators are deter-
mined by the fluctuation-dissipation theorem with the re-
quirement, that the equilibrium distribution for σ and n
is given by the standard statistical expression. The (sym-
metric) Onsager coefficients Dφiφj with i, j = 1, 2 deter-
mine the relaxation of the corresponding fields driven by
the restoring forces ∂F/∂φj . For modes with small mo-
mentum q, the evolution equation of σ at leading order is
proportional to q0 and the Onsager coefficient is simply
given by the strength of relaxation Dσσ = Γ. Due to net-
baryon number conservation the evolution equation of n
at leading order is proportional to q2. At this order the
kinetic terms in F do not contribute but the evolutions
of σ and n are still coupled.
For the scenario considered here the chiefly important
dynamics is that of the homogeneous mean field part σ¯
with the mean field φ,
φ = φ¯+ ∆φ , with
1
V
∫
V
∆φ = 0 . (2)
The analysis of the dynamics of σ¯ alone suffices to con-
strain the location of the freeze-out curve significantly.
A more quantitative discussion including the fully cou-
pled dynamics of the complete system will be reported
elsewhere.
The mean field equation for ∂tσ¯ is obtained from (1)
by a volume average which eliminates terms linear in the
fluctuations ∆φ. This leads us to
∂tσ¯ = −Γ
[
cσ +
∂Fvac
∂σ¯
+ αn¯2σ¯ + ∆fluc
]
. (3a)
In (3a), cσ is an explicit symmetry breaking term inde-
pendent of the medium and Fvac is related to the vac-
uum potential for σ¯. In addition, we find a term which
is proportional to the square of the homogeneous part
of the net-baryon density n¯. The last term, ∆fluc, com-
prises the second order correlations of the fluctuations
〈∆φj ∆φk〉 of the field φ = (σ, n) introduced above (1).
Both the derivative ∂Fvac/∂σ¯ and ∆fluc are proportional
to σ¯ for small φ¯. Moreover, in equilibrium ∆fluc contains
the information about the thermal distributions and is
proportional to T/V , see e.g. [41],
∆fluc ∝ T/V . (3b)
This decay with the volume is of relevance for our subse-
quent discussion.
Given its pivotal importance for the study of the freeze-
out curve we highlight the most relevant aspects of the
scenario that follows from the equations above: most
importantly, the dynamics of σ¯ is given by the leading
contribution in the limit of small q. Accordingly, the
relaxation of σ¯, and hence that of the chiral condensate,
happens exponentially fast - quite in contrast to the fluid
dynamical fields, such as n, which contain the thermal
information of the medium. The relaxation time τrelax
of σ¯ is much smaller than any other time scale in the
evolution. In particular, it is smaller than the equilibra-
tion time for the net-baryon density τeq and the freeze-
out time τfo. The last important time scale is that of
the medium equilibration of the chiral condensate, which
is determined by the term proportional to n¯2 and the
volume-dependent term ∆fluc in (3).
This leads us to two extreme scenarios for infinite and
vanishing freeze-out volume V . For V → 0, the mean
field σ¯ follows the evolution of the net-baryon density.
3√
sNN [GeV] 17.3 200 2760
F 4.1 6.4 10.2
dV/dy [fm3] 1240 2100 5280
V [fm3] 5084 13440 53856
V/V SPS 1 2.64 10.59
Tfo [MeV] 154± 3.1 162± 3.5 156.5± 1.9
µB,fo [MeV] 230
+15
−10 24
+3
−4 0.7± 3.8
TABLE I: Estimates for the dependence of the fire-
ball volume V on the collision energy
√
sNN at chemi-
cal freeze-out, from SPS to top-RHIC to LHC. The full
phase-space factors F originate from the interpolation
of measured dNch/dy for one unit of rapidity around
y = 0 [44]. These factors are applied to the freeze-out
volumes (dV/dy) deduced for one unit of rapidity [45].
The corresponding freeze-out parameters Tfo and µB,fo
from [13] are also listed.
In contrast, for V → ∞ it relaxes rapidly to its vacuum
value and equilibrates at infinite time. In short, for small
volumes σ¯ takes its equilibrium value at chemical freeze-
out, for large volumes it takes its vacuum value. In the
following, we discuss the physical consequences of (3)
on the hadron masses near chemical freeze-out and the
determination of freeze-out conditions in more detail.
III. HADRON MASSES AT FREEZE-OUT
We have shown that the mean field σ¯ of the scalar
resonance relaxes exponentially fast. Moreover, its dy-
namics is coupled to the medium proportional to n¯ and
the 4d-volume via the ratio T/V , cf. (3). For LHC colli-
sion energies the net-baryon density n¯ is very small and
the fluctuation contributions are suppressed by T/V at
chemical freeze-out, see Tab. I. As a result, the evolu-
tion of σ¯ at LHC energies effectively decouples from the
medium, and σ¯ relaxes via the leading order terms expo-
nentially fast to the vacuum expectation value σ¯0, as do
the related hadron masses.
Accordingly, while the medium is still expanding and
cooling through the chemical freeze-out, the chiral con-
densate and the related hadronic masses have relaxed to
their vacuum values, and not to their thermal counter-
parts which depend on the temperature of the fireball.
This is evident e.g. for the proton, as its mass is pro-
portional to the chiral condensate. The masses of pions
and kaons, the pseudo-Goldstone bosons, are not directly
proportional to the chiral condensate, but they are still
related to its value: the presence or absence of medium
effects in the chiral condensate is in one-to-one correspon-
dence with the presence or absence of medium effects for
all hadron masses, and in particular for pions and kaons.
This explains why particle multiplicities at LHC ener-
gies are well described by a thermal model based on vac-
uum hadronic masses. Indeed, a posteriori, it provides
a justification for such a procedure. In contrast, the de-
coupling of the chiral dynamics from the medium is less
effective at lower collision energies. The evolution of σ¯
is gradually more affected by the medium with decreas-
ing
√
sNN. Firstly, the term proportional to n¯ becomes
more relevant. Secondly, the fluctuation terms are less
suppressed for the smaller fireball volumes at the lower
energies, see Tab. I. While the leading order terms, in
the absence of a coupling to the medium, force a quick
relaxation of σ¯ to the vacuum expectation value, the in-
creasing coupling to the medium with lower collision en-
ergies drives σ¯ towards its in-medium equilibrium value
σ¯eq(T, µB). As a consequence of these two competing
tendencies we have
σ¯eq ≤ σ¯ ≤ σ¯0 . (4)
For small values of µB (large
√
sNN) the departure of σ¯
from σ¯0 is given by
σ¯(µB) =
(
1− κσ
(
µB
σ¯0
)2
+ . . .
)
σ¯0 , (5)
where the value for κσ must be determined by impos-
ing a physical condition, see below. Accordingly, ther-
mal effects start to impact the related hadronic masses
at the chemical freeze-out with increasing µB (decreas-
ing
√
sNN). For collision energies much lower than at
the LHC, σ¯eq(Tfo, µB,fo) approaches the vacuum expec-
tation value. This is because for the smaller freeze-out
temperatures at larger densities deviations from the chi-
ral crossover temperature become more significant [3, 46].
Moreover, the crossover gets steeper with increasing den-
sity and thus σ¯eq at chemical freeze-out tends towards its
value at vanishing T .
In Fig. 1 we illustrate the collision energy dependence
of σ¯ at chemical freeze-out as we have just discussed from
the point of view of the chiral dynamics (blue filled band).
At LHC energies we find σ¯ ' σ¯0 due to the decoupling
of σ¯ from the medium. With increasing µB (decreasing√
sNN) this curve first decreases as the coupling to the
medium becomes stronger. When the coupling to the
medium is complete and σ¯ relaxes to its in-medium equi-
librium value σ¯eq the curve increases again by following
the trend of σ¯eq. In this energy range, the hadron masses
at chemical freeze-out follow systematically the behavior
of the dynamical chiral condensate (or σ¯) as depicted by
the blue band: for hadrons which obtain the largest part
of their masses at the chiral crossover transition, we ex-
pect that at LHC energies the relevant masses at chemical
freeze-out are the vacuum masses, while at lower collision
energies thermal effects on the hadron masses become
more important.
Keeping in mind the theoretical limitations of current
calculations at larger µB we show in Fig. 1 a gray band
in
√
sNN which indicates the combined range of CEP lo-
cations from functional methods. Beyond this band, and
in particular for
√
sNN = 2.4 GeV at HADES, we can
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FIG. 1: Scaled homogeneous mean field σ¯/σ¯0 as a func-
tion of collision energy
√
sNN at chemical freeze-out (blue
filled band). In addition, the equilibrium values σ¯eq/σ¯0 at
the freeze-out parameters from [13] (red open circles) are
contrasted with those at the freeze-out conditions deter-
mined in this work (blue open squares), see Fig. 2. The
gray shaded region indicates current estimates for the lo-
cation of the CEP based on functional methods, see [3]
and references therein. The triangle at the lowest
√
sNN
highlights our expectations for a mixed phase.
expect an onset of new physics. Still, we have indicated
the equilibrium expectation σ¯eq at
√
sNN = 2.4 GeV in
an extrapolation of the hadronic gas phase with a blue
open square. Another estimate is deduced from the low-
T limit: at very low temperatures and densities larger
than the onset density of the liquid gas transition we ar-
rive at a nuclear liquid. There we expect a significant
drop to σ¯eq ≈ 2/3 σ¯0, cf. e.g. [46]. This value is shown
by the triangle in Fig. 1.
Based on [3] we show in Fig. 1 also the in-medium equi-
librium values σ¯eq at the freeze-out parameters from [13]
(red open circles). For all collision energies except√
sNN = 4.3 GeV we find that σ¯eq is significantly smaller
than σ¯0. These values are contrasted with the values for
σ¯eq at the freeze-out conditions determined in this work
(blue open squares), see Fig. 2, taking the dynamics of
the chiral condensate into account.
IV. LOCATING THE FREEZE-OUT CURVE
The in-medium equilibrium values of the homogeneous
mean field in Fig. 1 (red open circles) are obtained for
the freeze-out parameters [13]. These base on fits using
vacuum hadronic masses. As we have argued this is well
justified at LHC energies. However, as µB starts to in-
crease the dynamical chiral condensate decreases. There-
fore the masses of hadrons, which obtain their mass at
the chiral crossover transition, are smaller than in vac-
uum. It is clear that for obtaining the same measured
HADES
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FIG. 2: Chemical freeze-out parameters from [13] (red
open circles) in comparison with the freeze-out condi-
tions determined in this work (blue open squares). The
values of the scaled homogeneous mean field in equilib-
rium σ¯eq/σ¯0 (right scale) in the QCD phase diagram
based on [3] are also shown. In addition, the triangle
at very large µB indicates current estimates [47, 48] for
the freeze-out conditions at the HADES collision energy.
particle multiplicities within a thermal fit the freeze-out
temperature must drop accordingly. This can be seen
from the Boltzmann factors exp (−mi/T ) in the thermal
distributions. To illustrate the effect more quantitatively,
we keep µB,fo fixed for simplicity in the following.
According to the behavior of the dynamical chiral con-
densate, cf. Fig. 1, in-medium effects already play a role
at the highest STAR collision energy,
√
sNN = 200 GeV.
Thus, performing a thermal fit with vacuum masses at
this energy leads to a freeze-out temperature which is
over-estimated and therefore larger than at LHC. Since
we know from lattice QCD calculations that the pseu-
docritical temperature Tc decreases as a function of µB
(and at this energy Tfo is intrinsically linked to Tc), we
can determine the coefficient κσ in the expansion around
µB = 0 in (5) by requiring that the slope of the freeze-
out curve at µB ' 0 is vanishingly small. In practice,
we require that the freeze-out temperature at the high-
est STAR collision energy should be equal or less than
the freeze-out temperature at LHC: T STARfo ≤ TLHCfo .
For our estimates we focus on the proton multiplic-
ities only. The proton mass mp is to a large degree
determined by the value of the chiral condensate. It
is a good average representative for the in-medium ef-
fects on all hadrons: on the one hand, the pion and
the kaon (as pseudo-Goldstone bosons) and the higher
mass resonances are less affected. On the other hand,
the masses of negative parity states show a stronger in-
medium modification. Requiring that T STARfo = T
LHC
fo ,
we find κσ = 0.214 ± 0.045, where the estimate for the
5uncertainty in κσ has been obtained by taking the error
bars [13] for TLHCfo and T
STAR
fo into account. This leads to
the blue band in Fig. 1. Note in this context that there
is an ongoing discussion on the freeze-out temperature
estimate for the highest STAR energies regarding feed-
down corrections from weak decays which add a further
systematic error, see e.g. [49].
Iteratively, we can now obtain a new estimate for
the freeze-out temperatures based on a dynamical chi-
ral condensate. The result is shown in Fig. 2 (blue open
squares). As expected, the freeze-out temperature as de-
termined from a dynamical chiral condensate, which cou-
ples stronger to the medium at lower collision energies, is
smaller than Tfo obtained with vacuum hadronic masses
(red open circles).
At very large densities or baryon chemical potentials
the situation gets increasingly complicated. This applies
in particular to the densities achieved at the HADES
experiment with
√
sNN = 2.4 GeV. In this high density
regime interaction terms become more important. It is
illustrative to first consider the liquid phase at very low
temperatures. Here the chiral condensate drops and we
expect a sizable vector condensate ω0 ∼ n. The latter
leads to an effective reduced baryon chemical potential
µB → µB +λωn with a repulsive vector coupling λω < 0.
At T = 0, the two effects nearly compensate each other
up to a binding energy of −16 MeV. Therefore, at very
low temperatures the Boltzmann factor is approximately
the same as in a gas phase with vacuum mass. Hence,
within a linear extrapolation of the gas description into
the liquid phase, freeze-out conditions may be obtained
from thermal fits using vacuum masses. This argument
leads to the triangle for HADES in Fig. 2.
In the above spirit of a linear extrapolation we also
discuss the influence of temperature effects: the expecta-
tion value of the chiral condensate stays approximately
constant for low T , while the net-baryon density in-
creases. This leads to an effective increase of the numer-
ator mp−µB −λωn in the Boltzmann factor. Therefore,
in order to reproduce experimentally measured particle
multiplicities, the freeze-out temperature at HADES is
likely to increase from the current estimate [47, 48]. This
is indicated by the upward arrow emanating from the
triangle in Fig. 2. The given linear estimate of a highly
non-linear problem could reconcile the different freeze-
out temperatures at HADES determined from strange
versus light hadron multiplicities in line with former es-
timates from studies of event-by-event multiplicity fluc-
tuations [50–52].
Finally, we predict a system-size independent freeze-
out temperature for a system-size scan at LHC energies.
By choosing different ion species the fireball volume at
chemical freeze-out can be modified. With decreasing
V , we expect that the coupling of the dynamical chi-
ral condensate to the thermal medium is gradually en-
hanced, cf. (3). At lower collision energies indications for
an increase of the freeze-out temperatures with decreas-
ing system size have been found from thermal fits using
vacuum masses [53]. This is in line with our expectations:
taking the chiral dynamics and, thus, an increasing im-
portance of thermal effects on the hadronic masses into
account, the freeze-out temperatures for different system
sizes should rather coincide, of course, under the assump-
tion that the smaller systems are still large enough to
form a thermal medium.
V. CONCLUSIONS
We argue that the freeze-out curve in heavy-ion col-
lisions should be located via thermal model fits using
dynamical hadronic masses. This dynamics is that of
the chiral condensate near the chemical freeze-out and is
volume- and density-dependent. Investigating the gen-
eral form of the evolution equations for the chiral con-
densate and its fluctuations we find that at high colli-
sion energies the chiral condensate decouples from the
medium evolution. Instead, it relaxes exponentially fast
to its vacuum expectation value. This scenario provides
a justification for using vacuum masses in the thermal
description of the fireball chemistry at LHC energies.
At lower collision energies the evolution of the chiral
condensate couples with increasing strength to the ther-
mal medium. We expect that the impact of the related
thermal hadron masses becomes already important for
the highest STAR collision energies. Estimating the ef-
fect based on the proton multiplicities, we find systemat-
ically reduced freeze-out temperatures compared to ther-
mal fits using vacuum masses. At the HADES collision
energy standard thermal model fits only work sufficiently
well if strangeness is excluded [47]. For these low energies
our arguments are only qualitative but potentially allow
an explanation of all measured particle yields.
Finally, we propose a system-size scan at LHC ener-
gies: a thermal fit with vacuum masses gives increas-
ing freeze-out temperatures with decreasing system size.
According to our scenario the chiral dynamics with its
volume-dependent in-medium effects leads to system-size
independent freeze-out temperatures.
ACKNOWLEDGMENTS
We thank A. Andronic, M. Lorenz, C. Wetterich and
T. Scha¨fer for discussions. MB and MN acknowledge the
support by the ExtreMe Matter Institute EMMI, where
important contributions to this paper were worked out
during their stays as ”EMMI Visiting Professors” in Hei-
delberg. MB and MN further acknowledge the support
by the program ”Etoiles montantes en Pays de la Loire
2017”. This work is also supported by the BMBF grant
05P18VHFCA. It is part of and supported by the DFG
Collaborative Research Centre SFB 1225 (ISOQUANT)
and by the DFG under Germany’s Excellence Strategy
EXC - 2181/1 - 390900948 (the Heidelberg Excellence
Cluster STRUCTURES).
6[1] B. V. Jacak and B. Muller, Science 337, 310 (2012).
[2] Y. Aoki, G. Endrodi, Z. Fodor, S. D. Katz, and K. K.
Szabo, Nature 443, 675 (2006), arXiv:hep-lat/0611014
[hep-lat].
[3] W.-j. Fu, J. M. Pawlowski, and F. Rennecke, Phys. Rev.
D 101, 054032 (2020), arXiv:1909.02991 [hep-ph].
[4] C. S. Fischer, J. Luecker, and C. A. Welzbacher, Phys.
Rev. D90, 034022 (2014), arXiv:1405.4762 [hep-ph].
[5] R. Bellwied, S. Borsanyi, Z. Fodor, J. Guenther, S. D.
Katz, C. Ratti, and K. K. Szabo, Phys. Lett. B751, 559
(2015), arXiv:1507.07510 [hep-lat].
[6] C. Bonati, M. D’Elia, F. Negro, F. Sanfilippo,
and K. Zambello, Phys. Rev. D98, 054510 (2018),
arXiv:1805.02960 [hep-lat].
[7] A. Bazavov et al. (HotQCD), Phys. Lett. B795, 15
(2019), arXiv:1812.08235 [hep-lat].
[8] P. Isserstedt, M. Buballa, C. S. Fischer, and P. J. Gunkel,
Phys. Rev. D 100, 074011 (2019), arXiv:1906.11644 [hep-
ph].
[9] F. Gao and J. M. Pawlowski, (2020), arXiv:2002.07500
[hep-ph].
[10] C. S. Fischer, Prog. Part. Nucl. Phys. 105, 1 (2019),
arXiv:1810.12938 [hep-ph].
[11] M. D’Elia, Proceedings, 27th International Conference on
Ultrarelativistic Nucleus-Nucleus Collisions (Quark Mat-
ter 2018): Venice, Italy, May 14-19, 2018, Nucl. Phys.
A982, 99 (2019), arXiv:1809.10660 [hep-lat].
[12] O. Philipsen, in 37th International Symposium on Lattice
Field Theory (Lattice 2019) Wuhan, Hubei, China, June
16-22, 2019 (2019) arXiv:1912.04827 [hep-lat].
[13] A. Andronic, P. Braun-Munzinger, K. Redlich, and
J. Stachel, Nature 561, 321 (2018), arXiv:1710.09425
[nucl-th].
[14] S. E. Eiseman et al., Phys. Lett. B297, 44 (1992).
[15] T. Abbott et al. (E-802), Phys. Rev. C50, 1024 (1994).
[16] L. Ahle et al. (E802), Phys. Rev. C60, 064901 (1999).
[17] D. Ouerdane (BRAHMS), Proceedings, 16th Interna-
tional Conference on Ultra-Relativistic nucleus nucleus
collisions (Quark Matter 2012): Nantes, France, July
18-24, 2002, Nucl. Phys. A715, 478 (2003), arXiv:nucl-
ex/0212001 [nucl-ex].
[18] F. Antinori et al. (NA57), Phys. Lett. B595, 68 (2004),
arXiv:nucl-ex/0403022 [nucl-ex].
[19] C. Alt et al. (NA49), Phys. Rev. Lett. 94, 052301 (2005),
arXiv:nucl-ex/0406031 [nucl-ex].
[20] J. Adams et al. (STAR), Nucl. Phys. A757, 102 (2005),
arXiv:nucl-ex/0501009 [nucl-ex].
[21] G. Agakishiev et al. (HADES), Eur. Phys. J. A41, 243
(2009), arXiv:0902.3478 [nucl-ex].
[22] B. Abelev et al. (ALICE), Phys. Rev. C88, 044910
(2013), arXiv:1303.0737 [hep-ex].
[23] B. B. Abelev et al. (ALICE), Phys. Lett. B728,
216 (2014), [Erratum: Phys. Lett.B734,409(2014)],
arXiv:1307.5543 [nucl-ex].
[24] L. Adamczyk et al. (STAR), Phys. Rev. C96, 044904
(2017), arXiv:1701.07065 [nucl-ex].
[25] J. Adamczewski-Musch et al. (HADES), Phys. Lett.
B793, 457 (2019), arXiv:1812.07304 [nucl-ex].
[26] P. Braun-Munzinger, J. Stachel, and C. Wetterich, Phys.
Lett. B596, 61 (2004), arXiv:nucl-th/0311005 [nucl-th].
[27] W. Florkowski and W. Broniowski, Phys. Lett. B477, 73
(2000), arXiv:nucl-th/9910016 [nucl-th].
[28] M. Michalec, W. Florkowski, and W. Broniowski, Phys.
Lett. B520, 213 (2001), arXiv:nucl-th/0103029 [nucl-th].
[29] T. Renk, Phys. Rev. C68, 064901 (2003), arXiv:hep-
ph/0210307 [hep-ph].
[30] D. Zschiesche, S. Schramm, J. Schaffner-Bielich,
H. Stoecker, and W. Greiner, Phys. Lett. B547, 7
(2002), arXiv:nucl-th/0209022 [nucl-th].
[31] W. Broniowski, W. Florkowski, and B. Hiller, Phys. Rev.
C68, 034911 (2003), arXiv:nucl-th/0306034 [nucl-th].
[32] G. Aarts, C. Allton, D. De Boni, S. Hands, B. Ja¨ger,
C. Praki, and J.-I. Skullerud, JHEP 06, 034 (2017),
arXiv:1703.09246 [hep-lat].
[33] G. Aarts, C. Allton, D. de Boni, S. Hands, B. Ja¨ger,
C. Praki, and J.-I. Skullerud, EPJ Web Conf. 171, 14005
(2018), arXiv:1710.00566 [hep-lat].
[34] G. Aarts, C. Allton, D. De Boni, and B. Ja¨ger, Phys.
Rev. D99, 074503 (2019), arXiv:1812.07393 [hep-lat].
[35] A. Bazavov et al., Phys. Rev. D100, 094510 (2019),
arXiv:1908.09552 [hep-lat].
[36] G. Aarts et al., in 37th International Symposium on Lat-
tice Field Theory (Lattice 2019) Wuhan, Hubei, China,
June 16-22, 2019 (2019) arXiv:1912.09827 [hep-lat].
[37] M. Nahrgang, S. Leupold, C. Herold, and M. Bleicher,
Phys. Rev. C84, 024912 (2011), arXiv:1105.0622 [nucl-
th].
[38] M. Bluhm, Y. Jiang, M. Nahrgang, J. M. Pawlowski,
F. Rennecke, and N. Wink, Proceedings, 27th In-
ternational Conference on Ultrarelativistic Nucleus-
Nucleus Collisions (Quark Matter 2018): Venice, Italy,
May 14-19, 2018, Nucl. Phys. A982, 871 (2019),
arXiv:1808.01377 [hep-ph].
[39] M. Nahrgang, M. Bluhm, T. Schaefer, and S. A. Bass,
Phys. Rev. D99, 116015 (2019), arXiv:1804.05728 [nucl-
th].
[40] M. Bluhm et al., (2020), arXiv:2001.08831 [nucl-th].
[41] L. D. Landau and E. M. Lifshitz, Statistical Physics, Part
1, Course of Theoretical Physics, Vol. 5 (Butterworth-
Heinemann, Oxford, 1980).
[42] D. T. Son and M. A. Stephanov, Phys. Rev. D70, 056001
(2004), arXiv:hep-ph/0401052 [hep-ph].
[43] H. Fujii and M. Ohtani, Phys. Rev. D70, 014016 (2004),
arXiv:hep-ph/0402263 [hep-ph].
[44] J. Adam et al. (ALICE), Phys. Lett. B772, 567 (2017),
arXiv:1612.08966 [nucl-ex].
[45] A. Andronic, Proceedings, 26th International Symposium
on Lepton Photon Interactions at High Energy (LP13):
San Francisco, United States, June 24-29, 2013, Int. J.
Mod. Phys. A29, 1430047 (2014), arXiv:1407.5003 [nucl-
ex].
[46] S. Floerchinger and C. Wetterich, Nucl. Phys. A890-
891, 11 (2012), arXiv:1202.1671 [nucl-th].
[47] M. Lorenz, presented at the 3rd EMMI workshop: anti-
matter, hyper-matter and exotica production at the
LHC, Wroclaw (2019).
[48] M. Lorenz, private communication.
[49] S. Schramm and M. Scha¨fer, eds., Proceedings, Inter-
national Symposium on New Horizons in Fundamental
Physics: From Neutrons Nuclei via Superheavy Elements
and Supercritical Fields to Neutron Stars and Cosmic
7Rays, FIAS Interdisciplinary Science Series, Springer In-
ternational Publishing (Springer International Publish-
ing, Cham, Switzerland, 2017).
[50] P. Alba, W. Alberico, R. Bellwied, M. Bluhm, V. Man-
tovani Sarti, M. Nahrgang, and C. Ratti, Phys. Lett.
B738, 305 (2014), arXiv:1403.4903 [hep-ph].
[51] R. Bellwied, J. Noronha-Hostler, P. Parotto, I. Por-
tillo Vazquez, C. Ratti, and J. M. Stafford, Phys. Rev.
C99, 034912 (2019), arXiv:1805.00088 [hep-ph].
[52] M. Bluhm and M. Nahrgang, Eur. Phys. J. C79, 155
(2019), arXiv:1806.04499 [nucl-th].
[53] F. Becattini, J. Manninen, and M. Gazdzicki, Phys. Rev.
C73, 044905 (2006), arXiv:hep-ph/0511092 [hep-ph].
